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Condensers for separation of CO2 and steam are central devices in oxygen-fired power plants for CO2 
capture. This work is the first part of a project aiming to optimize the design of a H2O/CO2 Oxy-Fuel 
condenser. 
The project aims to achieve an in-depth understanding of the separation process at varying thermal conditions 
and with varying fluid compositions. COMSOL simulation tool has been used to study fluid flow, heat transfer 
and condensation process for H2O/CO2 mixtures.   
The simulated condenser is a tank with all of its accessories. Boundary and initial conditions are set based on 
earlier works.  H2O and CO2 are considered as the main components for flue gas. 
The results show that with the proposed design, the condenser will be able to condense about 75% of water 
content in flue gas stream. The resulting flue gas stream after the condenser contains more than 97% CO2.  
The information gained through the proposed project are important design data for improved condenser 
solutions that need to be implemented in order to reduce capital cost and increase the thermal efficiency of the 
power plants. 
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1. Introduction 
Since the industrial revolution began in 1750, carbon dioxide has increased in the atmosphere by 31%, methane 
by 151% and nitrous oxide by 17%. Around three quarters of greenhouse gases come from burning fossil fuels. 
(Methane has about 20x the radiant force as CO2). Greenhouse Gases are due to [2, 3,4 and 5]: 
x 75% CO2 from fossil fuels, these are produced in power station and other places. 
x 50% methane is manmade (fossil fuels, cattle, rice agriculture and landfills). 
x 1/3 of current N2O emissions  (agricultural soils, cattle feed lots and chemical industry)   
 
When greenhouse gas emissions are under discussion, CO2 is generally the gas, which receives the most attention 
for its greenhouse effect. Although the radiative forcing of CO2 is much less than other greenhouse gases (CH4, 
N2O, CFCs, etc.), CO2 is emitted in large amounts into the atmosphere and has a rather long atmospheric lifetime. 
When all these parameters are modeled, with our current state of knowledge, CO2 is estimated to contribute 
approximately 60% of the enhanced greenhouse gas effect [2, 3 and 4]. 
 
Certain atmospheric gases, such as water vapor, CO2, ozone, methane and Nitrous oxide are critical to this system 
and are known as greenhouse gases. On average, about one third of the solar radiation that hits the earth is reflected 
back to space. It is obvious, the atmosphere absorbs some but the land and oceans absorb most. The Earth's surface 
becomes warm and as a result emits infrared radiation. The greenhouse gases trap the infrared radiation, thus 
warming the atmosphere.   
 
To capture carbon dioxide gas it is often recommended to compress the CO2 into a liquid phase after separations, 
and permanently store it deep underground in suitable geological formations. Most of the carbon dioxide will 
dissolve in the reservoir water, and then very slowly mineralize. Process simulation is one of the most important 
tools to indentify and analyze the CO2 capture technology. 
 
The CO2/steam separation and condenser unit is a central part of all oxy-fuel cycles and the CO2 handling 
equipment does in fact represents a significant share of the total cost for such power plants. Improvements regarding 
cost efficiency and compactness of the CO2/steam condenser systems is hence of vital importance if the oxy-fuel 
power plant concepts are going to be developed as realistic commercial alternatives. The CO2/steam separation 
process does also influence the thermal efficiency and hence the operational cost of the cycle through the effect of 
pressure loss and through the effect of purity of re-circulated water and CO2.  
 
A large of textbooks, patents and scientific literature exists on subject of heat transfer and heat exchangers (e.g. 
[6-13]). The enhancements of such devices regarding more effective heat transfer includes topics such as extended 
surfaces, rough surfaces, swirl flow devices treated surfaces or cross flow induced by baffles. Condensers, relevant 
for the oxy-fuel processes, are however not off-the-shelf products and cannot be designed or considered as typical 
process heat exchangers. The scrubbed flue gases are vented to the atmosphere or stored after water washing.  
2. Process description 
In the oxyfuel process the air entering the compressor consists of pure oxygen, hence air is pre-processed in an air 
separation unit (ASU) in which nitrogen and argon are removed [4 and 5]. The compressed oxygen leaving the 
compressor is then combusted together with pure methane, at a ratio slightly above stoichiometric, in the 
combustion chamber. In order to limit the high combustion temperatures deriving from the absence of nitrogen in 
the air, CO2 is recycled and compressed with oxygen in the compressor.  
 
The gas leaving the combustion chamber consists mainly of CO2 and a small amount of water and oxygen (the 
composition is determined by the combustion process to achieve certain turbine inlet temperature, assumed to be 
1350 ºC) and is expanded in a turbine to near atmospheric pressure. The turbine drives the compressor and the 
generator takes up the surplus load. The flue gases leaving the turbine have a temperature at about 450-650ºC, which 
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could be used to produce steam in a heat recovery steam generator (HRSG) and thereby significantly increasing the 
overall power plant efficiency.  
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Figure 1: Simplified gas side process flow diagram for CO2 separation [13] 
 
      After the HRSG the exhaust gas enters the flue gas condenser (FGC) with a temperature about 50 ºC and is 
further cooled by water (assumed 25 ºC). The condensation temperature in the condenser is determined by the 
partial pressure of H2O (assuming close to atmospheric pressure) in the gas mix leaving the combustion chamber. A 
flow sheet of the process is illustrated in Figure 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: CO2 capture using oxyfuel combustion. (Photo credit Bellona Foundation) 
 
Figure 3: Depiction of the geometry of proposed H2O/CO2 condenser. 
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3. Model definition of CO2/H2O condenser 
In order to find a suitable design for the H2O/CO2 condenser, different concept layouts of condensers have been 
considered during this work. Figure 3 shows the geometry of proposed H2O/CO2 condenser. More detail information 
could be found in the next report of authors that will be published later. 
In figure 3, flow enters from one inlet at the left, but can leave the valve through two outlets at the top and bottom 
in gas and fluid mode. The choice of outlet depends on the position of the gas and fluid valve. In this model, two 
valves are located for flue gas input. This will be used to adjust the flow path through the outlets, depending on the 
position of the valves. 
4. Domain Equations 
The fluid flow is described by the Navier-Stokes equations. More detailed information could be found in Comsol 
handbook [1], [14-21]. In brief: 
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 Where: ȡGHQRWHVWKHGHQVLW\ (kg/m3), u the velocity vector (m/s-1ȘWKHYLVFRVLW\1ÂVP2), and p the pressure (Pa). 
The modelled fluid in the condenser is H2O (g) and CO2 with viscosity 1e-7 N·s/m2 and density 1 kg/m3.  
The domain of water tube has been assumed: viscosity 1e-4 N·s/m2 and pressure 101.325 Pa and density in 
1000kg/m3. The inlet flue gases valve has been designed: viscosity 7e-8 N·s/m2 and pressure150.000 Pa and density 
1 kg/m3. Outlets pressure is considered around of 101.325 Pa.  Water inlet velocity is 1 m/s and for CO2 is 2m/s. the 
transient solution has been used in times from 0:0.02:3 and 3:0.2:7 min, relative tolerance to 0.001, and absolute 
tolerance to 0.0001. Maximum element size for mesh considered to 0.0004 and element growth rate to 1.5. 
Triangular mesh with 27,054 triangles was made to do the higher degree simulation. [7, 8, 9] 
 
 
 
5.  Boundary Conditions 
At the inlet, the model uses a fully developed normal flow pressure, laminar flow. The pressure is set to 150,000 
Pa. At the outlets, a neutral boundary condition states that the normal component of the stress tensor is zero: 
The input flue gas for CO2 = 92.30, H2O = 5.76, O2 = 1.94, Temperature 50 (ºC), Mass flow 8.2 (kg/s), Pressure 1 (bar)  
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 The outlet pressures are set to 101,325 Pa and in normal flow pressure. All other boundaries have a no-slip 
condition. 
u=0                                                                                                                                                         (3) 
 
The more information used in simulation has been extracted from earlier researchers [5-8]. 
  
6. Solver procedure in COMSOL 
 
Liquid/Gas Density (kg/m3) 
Specific Heat Capacity 
(x 103 J/kg.K) 
Thermal Conductivity 
(W/m.K) 
Kinematic Viscosity 
(x 10-6 m2/s) 
CO2 598 36.4 0.070 0.080 
Water 980 4.188 0.042 0.474 
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The time-dependent solver from Comsol version 3.3a [1] to find the solution of linear and nonlinear time-
dependent PDE problems, also known as dynamic problems or unsteady problems, includes: 
 
x The stationary solver searches for a solution where XW  
x Linear or nonlinear: if any coefficient or material property contains a dependent variable, the model is 
nonlinear. The same holds true for models based on a PDE in the coefficient form, again with the same 
criterion.   
x The Incompressible Navier-Stokes equations PRGH LV DOZD\V QRQOLQHDU XQOHVV ȡ   UHVXOWLQJ LQ WKH
linear Stokes equations.  
x Time-dependent solver will consider in our simulation. 
 
COMSOL metaphysics solvers are shown in the following table [1]: 
 
 
SOLVER TYPE USAGE 
Stationary For stationary PDE problems (linear or nonlinear) 
Time-dependent For time-dependent PDE problems (linear or nonlinear) 
Eigen value For eigenvalue PDE problems 
Parametric For parameterized sets of stationary PDE problems (linear or nonlinear) 
Stationary segregated For stationary multiphysics PDE problems (linear or nonlinear) 
Parametric segregated For parameterized sets of stationary multiphysics PDE problems (linear or nonlinear) 
Adaptive For stationary (linear or nonlinear) or eigenvalue PDE problems using adaptive mesh refinement 
6. Result  
Simulation results are illustrated in the following figures. Velocity field of CO2 and H2O with condenser are shown 
in figure 4. In order to simplfy the simulation, sprayer has been removed in figure 4. The results confirm the laminar 
flow regime inside tank and turbulence flow at water tubes. Temperature distribution in the tank and condensers are 
shown in figure 5. The models are designed and simulated in different kinds. For examples figure 4 a,b showed a 
condenser with one condense tube and the outlet of water is open to drainage but it is in figure 4c is a condenser 
with two condense tubes along with water sprayer and the outlet valve of water drainage in the bottom of condenser 
has been closed. The simulation has been performed to analyze the CO2 velocity field at constant temperature in the 
condenser.  
     The results confirm the temperature effect on the water velocity fields. The results also confirm that the laminar 
flow will be dominating flow regime as long as the Reynolds number is less than of 167, and thereafter one could 
expect turbulent flow. The results of the velocity field simulation have been given in figures 6 and 8-9.  Figure 9 
shows the field velocity distributions. The results in figure 9 also show that the recirculation happened near the wall. 
To show of flow around the condenser’s internal equipments, a circle block to show of condensation has been 
drawn, see figures 4-7. Figure 8 shows a condenser with all of accessories. It is obvious that in the middle of 
condenser the velocity is lower than the corners. It semms that there is a laminar flow in the middle of longitude 
path of condenser. Further, a 3-D simulation would be performed to gain more detailed design information. More 
detailed results from 3-D simulation will be discussed in near future. 
7. Discussion  
Simulation has been performed to achieve the more condensed water contents from the flue gas of oxyfule turbine in 
power plant. The main geometry used the water sprayer and condensing tubes. Two and three-dimensional geometry 
with two-phase flow have been considered in the simulations. Outlet water drainage valve considered in two modes 
of open or closed. In the open valve results showed the CO2 drained to the out of condenser in the content of 0,02% 
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of total volume of outlet. It was found that the flow regime inside the condenser is laminar when there was no spray 
water for cooling. The flow and field velocity regime are studied. Results in last figures shows that the flow and its 
velocity in the middle of tank is lower than of other parts, it can alarm that the regime on that regions are laminar. 
a) b) c)  
Figure 4. Velocity field in 2D with condenser, outlet is atmosphere pressure in a and b, and closed in the c. 
 
Figure 5. Velocity in 2D in condenser           Figure 6. Velocity in 2D with condenser, without water 
  
Figure 7. Reynolds no in 2D with condenser, without water in tube    Figure 8. In front view in 2D of condenser 
 
The results show that the speed of 2m/s is a critical value for CO2 inlet speed. With increasing the speed over critical 
point, 0.02% of CO2 will flash out from the water outlet. Our preliminary results confirm that CO2 velocity varies 
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from 2 m/s at inlet to 1.88 m/s at outlet with a very high velocity fluctuation (over 2 m/s) around cooling pipes and 
sprays. 
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Figure 9. CO2 velocity in the wide of condenser for inlet, outlet and under the condenser pipes positions.  
 
The simulated results could be summarized in the following table. See table 3.   
 
Table 3: Simulation result in brief  
 
 Flue gas (in) Flue gas (out) Cooler (in) Cooler (out) 
Composition (%)  CO2 = 92.30, H2O = 5.76, O
2
 = 1.94  CO2=97.88,H2O = 1.2, O
2
 = 0.92  water = 100  water = 100, CO2 = 0.02  
Temperature (ºC) 50 27.8 25 51  
Velocity m/s 2 1.88 1.7 1.02 
Mass flow (kg/s) 8.3 7.8 9.3 9.78 
8. Conclusion 
In order to achieve a suitable design for CO2/H2O condenser, different conceptual layouts of condensers have been 
studied. The effect of different operational parameters like pressure, velocity, heat flux and mass flow rate have been 
studied to find the optimum condenser design for reduction of specific carbon dioxide emissions from about 0.4-
0.91 kg/kWh for the base case to 0.05-0.12 kg/kWh.  
- A 2D geometry with two phase flow has been simulated. To observe of flow regime around of condenser internal 
equipments used a circle block to show of condensation in the condenser, see figures 4-6. Figure 8 shows a 
condenser with all of accessories. It was found that the flow regime inside the tank is laminar when there was no 
spray water cooling system. 
- The results show that with the proposed design the speed of 2 m/s is a critical value for CO2 inlet speed. With 
increasing the speed over critical point, around 0.02% of the CO2 will be flashed out from the water outlet.  
 - Our preliminary results confirm that CO2 velocity varies from 2 m/s at inlet to 1.88 m/s at outlet with a very high 
velocity fluctuation (over 2 m/s) around cooling pipes and sprays. Future simulations should account for drop field 
and film condensation processes. 
- The results show that with proposed design, the condenser will be able to condense about 60% of water content in 
flue gas stream. The resulting flue gas stream after the condenser contains more than 97% CO2 which can be 
captured and stored by suitable methods.  
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